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O ; ABSTRACT 

. An extremely deep 5 GHz radio observation is presented of the rich cluster MS1054— 03 

at redshift z = 0.83. 34 radio sources are detected down to a 6cr level of 32/.tJy, 
compared to about 25 expected from previous blank field radio source count deter- 
minations; the sources giving rise to these excess counts lie predominantly within 2 
' arcmins {'^ 700 kpc) of the cluster centre. Existing imaging and spectroscopic obser- 

vations have provided optical identifications for 21 of the radio sources and redshifts 
T-H ■ for 11, of which 8 are confirmed cluster members. Four of these eight confirmed clus- 

' ter sources are associated with close galaxy pairs (10 - 25 kpc projected offset) of 

04 , similar magnitude, implying that the radio source may be triggered by an interaction. 

However, although MS1054— 03 has a very high fraction (17%) of on-going mergers 
\ (separations ^ 10 kpc), no radio emission is detected towards any of these merger 

1*"^ . events, setting a mean upper limit of lOAfQyr"^ for any star formation associated 

I ' with these mergers. This supports a hypothesis that low luminosity radio sources may 

, be onset by initial weak interactions rather than direct mergers. The host galaxies of 

■ the other four confirmed cluster radio sources are all isolated, and show a range of 

' morphologies from early-type to Sc. A comparison between the emission line and radio 

luminosities suggests that two of these four radio sources are low-luminosity active 
Q ■ galactic nuclei (AGN), whilst for at least one of the other two the radio emission is 

\ associated with on-going star formation. All of the radio sources associated with the 

c/3 . galaxy pairs appear more likely AGN than starburst origin. The overall proportion of 

' radio sources associated with AGN in this cluster (> 75%) is higher than that detected 

^ \ at these flux density levels in the field (40—50%). 

. Key words: galaxies: clusters: individual: MS1054— 03 — galaxies: starburst — 

' galaxies: evolution — radio continuum: galaxies 



1 INTRODUCTION 

Clusters of galaxies are the largest, most massive, collapsed 
structures in the Universe and, although only a small frac- 
tion (« 5%; Dressier 1984) of all low redshift galaxies lie 
in cluster environments, clusters play a key role in stud- 
ies of galaxy evolution since they contain large numbers of 
galaxies at the same distance. The central regions of clus- 
ters are dominated by a population of luminous early-type 
galaxies which occupy a narrow locus in colour-magnitude 
relations and show a tight relationship between their effec- 
tive radius, effective surface brightness, and central veloc- 
ity dispersion (the fundamental plane, Dressier et al. 1987; 
Djorgovski & Davies 1987); these relations evolve with red- 
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shift out to z — 0.83 roughly in accordance with passive 
evolution predictions, with no significant increase in scat- 
ter (e.g. van Dokkum et al. 1998a,b, Schade, Barrientos & 
Lopez-Cruz 1997, Stanford, Eisenhardt & Dickinson 1998). 
However, Butcher & Oemler (1978) showed that by redshift 
z ~ 0.3 a substantial population of bluer galaxies appears 
in many, but not all, clusters. These bluer galaxies are al- 
most all disk galaxies, of which many exhibit strong Hq or 
[Oil] 3727 emission lines indicative of recent star formation 
(e.g. Dressier et al. 1997, 1999). These results point strongly 
to a higher level of activity in high redshift clusters. 

In addition to star-formation activity, galaxies can also 
display nuclear activity associated with an active galactic 
nucleus (AGN). One of the cleanest methods of searching for 
either of these forms of activity is to utilise the radio emis- 
sion. AGN are extremely luminous at radio wavelengths, 
with luminosities reaching as high as about lO^^WHz"^ 
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at 1.4 GHz. Normal (ie non-AGN) galaxies have a range 
of observed radio luminosities, between about 10^** and 
10'^''WHz~^ at 1.4 GHz, with starbursting galaxies filling 
the upper half of that range. The radio emission arising 
from these normal galaxies comes predominantly from the 
synchrotron emission of particles accelerated in supernova 
shocks (e.g. Condon 1992 and references therein), with a 
smaller thermal contribution from HII regions, and so es- 
sentially reflects the current star formation of the galaxy. 

At redshifts z > 0.2 the radio luminosities of luminous 
starburst galaxies and weak AGN correspond to microjan- 
sky flux density levels, and over recent years numerou s /jjy 
level ra dio surveys of the fleld have been carried out ([Don- 



nelly et|al. 1987|; |Fomalont et al. 199ll [Windhorst et al. IQQSF 



Richards et al. 1998| ; [Muxlow et al. 1999| ; parrett et al. 2000^ . 
The integral radio source count shows an upturn below a 
couple of mjy, indicating the emergence of a new popula- 



tion of radio sources at micro jansky levels ( Windhorst et al ^ 
1984; Vj/indhorst et al. 1985 ); indeed, a large proportion of 



the /ijy radio source population have been shown to be as- 
sociated with starburst galaxies and normal spiral galaxies 
at substantial redshifts z S> 0.2 (e.g. Windhorst et al 1995). 
The steep slope of the differential source counts of /.ijy radio 
sources, similar to that of the very powerful radio galaxies 
and quasars, implies that this population of sources, if it is 
a single population, is undergoing strong cosmological evo- 
lution with either the density or luminosity of the sources 
being higher in the past. This is in broad agreement with 
deteri ninations of the evo lution of the cosmic star formation 
rate (Madau et al. 1998), suggesting that studies of /ijy 



radio sources are important for understanding the star for- 



mation hist ory and evolution of ordinary galaxies ( Haarsma 
et al. 2lp0l|). 



Whilst deep /^Jy field surveys have made considerable 
progress in recent years, no studies of radio sources in distant 
clusters have been carried out to comparable depth. At low 
redshift [z < 0.09), the radio luminosity function in clusters, 
when viewed in terms of the proportion of optical galaxies 
which have a given radio luminosit y, is statistically indis - 
tinguishable from that of the fleld (Ledlow & Owen 1996). 
This is somewhat unexpected since the onset of a starburst 
or AGN is likely to be induced either by an infall of gas onto 
the galaxy or through a weak interaction or merger with a 
companion galaxy: it would be natural to assume that each 
of these phenomena would occur at a different rate in clus- 
ter environments than in the fleld. In low redshift clusters 
the similarity may be due to the relatively relaxed states of 
the clusters, with much of the gas and galaxies lying in sta- 
ble virialised orbits and the gas having been stripped from 
the galaxies in the cluster centre (e.g. Gunn & Gott 1972): 
these effects reduce interactions and prevent a higher frac- 
tion of radio sources forming in these environments. Clusters 
of galaxies at higher redshifts, however, may still be in their 
formation process, with relatively high galaxy merger rates 
(e.g. van Dokkum et al. 1999) and a plentiful supply of dis- 
turbed gas. These should provide ideal laboratories to induce 
starbursts and AGN (cf. the high fraction of post-starburst 
galaxies in z ~ 0.5 clusters; Poggianti et al 2000). 

Dwarakanath & Owen ( 199£ ) carried out a detailed ra- 
dio study of two z « 0.25 clusters, Abell 2125 and Abell 
2645, which have similar redshifts and richnesses (Abell 
class 4) , but very different fractions of Butcher-Oemler blue 



galaxies; Abell 2125 has a blue galaxy fraction of 0.19, 
whereas that of Abell 2645 is only 0.03. They found that 
the radio luminosity distribution of cluster members of Abell 
2125 is bimodal, with a peak at about 10^*'^ WHz~^ com- 
posed entirely of AGN, and a second higher peak at or below 
(due to the detection limit) lO'^^'^WHz"^ composed of a 



mixture of AGN and star-forming galaxies (see Section 5.4 
for more details). In Abell 2645 many fewer radio sources 
were detected, with essentially the entire lower luminosity 
class of sources missing. The presence of this lower luminos- 
ity class of radio sources therefore seems to be connected 
with the presence of the blue Butcher-Oemler galaxies, al- 
though the two populations do not overlap strongly: only 
one of the blue galaxies in the Abell 2125 cluster has an 
associated radio source. 



Small et al (199£) have made a deep radio observa- 
tion (rms 1.4 X lO^MVHz-^ in our assumed cosmology) 
of the z = 0.41 cluster CL0939-I-4713 and detect 8 clus- 
ter radio sourcesj^], associated with a range of galaxy mor- 
phologies from ellipticals throug h to Sd-type galaxies. At 
higher redshifts, Stocke et al. (199£) have studied radio 
galaxies in clusters with redshifts 0.3<2;<0.8toa limit- 
ing point source 1.4 GHz radio luminosity of 10^^'^ WHz~^. 
They found no evidence for evolution of the population of ra- 
dio sources between redshift z ~ 0.8 and the present epoch. 
However, their observations are only sensitive enough to de- 
tect the brighter of the two populations of clust er radio 
sources discovered by Dwarakanath & Owen (1999), and it 
is the fainter population which appears to depend upon the 
dynamical state of the cluster, and hence may be expected 
to show strong redshift evolution. 

The goal of the current project, therefore, is to inves- 
tigate in detail the nature of the fainter radio source pop- 
ulation in high redshift clusters. This aim was addressed 
by carrying out a deep VLA observation of the rich cluster 
MS1054-03 at z = 0.83. The nature of this cluster and the 
existing observations of it are described in Section 
the new VLA observations are described in Section 
radio source population is investigated and compared with 
the optical imaging data in Section ^. In Section Q an analy- 
sis is made of the cluster radio source population, including 
a detailed comparison of the radio, optical and emission line 
properties of the cluster galaxies. Conclusions are drawn in 
Section Throughout the paper, cosmological parameters 
of n = 1, A = and Ho = 70kms~^Mpc~^ are assumed. 



2 THE Z = 0.83 CLUSTER MS1054-03 

With a redshift oi z = 0.83, MS1054-03 is the highest 
redshift cluster in the Extended Medium Sensitivitv Surve y 
(EMSS) X-ray selected cluster sample ( Gioia et al. 1990 ), 
and also one of the most luminous in X-rays with a 0.3- 
3.5 keV X-ray luminosity of 9 x 10^* ergs~^. On account of 
its high redshift and richness (Abell class 3), a deep 5 by 5 
arcminute mosaic was made of the field around the cluster 




t Here the blended entries labelled 296 and 230 by Small et al. 
are taken to be part of the same extended radio source, since 
even if separated into two sources the far brighter 296 entry still 
remains resolved. 
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using the wide-field planetary camera 2 (WFPC2) on the 
Hubble Space Telescope (HST), in two filters (F606W and 
F814W; van Dokkum et al. 2000). This has subsequently 
been supplemented by deep near-infrared imaging of the 
cluster in the J, H and K wavebands using the NTT, and 
U, B, V imaging using FORS on the VLT, to provide galaxy 
colours across a long wavelength baseline (Franx et al. in 
preparation). These images show a conspicuous overdensity 
of red cluster galax ies with a somewhat irre gular and elon- 
gated distribution ( yan Dokkum et al. 200C ), probably con- 
sisting of three sub-clumps of galaxies at the same radial 
velocity; this is consiste nt with the detection of substruc- 
ture in t he X-ray image (Donahue et al. 1998 
200l|)~l 

Multi-object spectroscopy carried out on the Keck Tele- 
scope has enabled redshifts to be determined for over 200 
objects in this field, with more than 130 of these being con- 
firmed as cluster members (van Dokkum et al. 2000, Tran 
et al. in preparation) . These authors found that the fraction 
of all early type galaxies in the central regions of the cluster 
is 46%, much lower than that at low redshift ('^ 80%). Fur- 
ther, a very high fraction (17%) of cluster galaxies are classi- 
fied as "merger/peculiar" on the basis of double nuclei (sep- 
arations <g; lOkpc), tidal tails, and distorted morphologies 
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(van Dokkum et al. 199£). This high fraction strongly ar- 
gues against monolithic collapse models of galaxy formation. 
Interestingly, many of the merging galaxies are red, bulge- 
dominated galaxies with no detected nebular line emission, 
and colours offset from the early-type {U — B)^ colour mag- 
nitude relation by only 0.07 magnitudes. The fraction of blue 
galaxies in the cluster, calculated in a manner equivalent to 



t hat defined by Butcher fc Oemler ( |1978D , is 0.22 ± 0.05 
(van Dokkum et al. 2000), comparable to the mean value 
determined for clusters at redshifts 0.3 < z < 0.5. 

MS1054— 03 is clearly an interesting rich cluster with 
a wealth of observations over a wide variety of wavelengths 
and, crucially, with spectroscopic redshifts for the majority 
of the objects towards the cluster centre: currently, spectro- 
scopic redshifts have been measured for 80% of all galax- 
ies with 19.0 < I < 22.0 (the brightest cluster galaxy has 
I ~ 19.5) within the bounds of the HST mosaic. As such, 
MS1054— 03 is an ideal target for a deep cluster radio sur- 
vey. Indeed, it was one of the high redshift clusters in the 
1.4 GHz survey of Stocke et al. (1999), who detected three ra- 
dio sources within the cluster down to a fiux density limit of 
0.2mJy. These are discussed later, together with the weaker 
sources identified in the current observations. 



3 OBSERVATIONS AND DATA REDUCTION 

3.1 Observations and calibration 

MS1054— 03 was observed using the Very Large Array 
(VLA) at 5 GHz in C array configuration during three 10- 
hour runs on April 3, 6 and 7 2000. The total on-source 
integration time was 96270 seconds. The observations were 
carried out simultaneously at two frequencies, 4835 and 
4885 MHz, each with two circular polarisations and 50 MHz 
bandwidth. With this set-up, the full-width-half-power of 
the antenna primary beam is about 9 arcmins and the an- 
gular resolution about 4 arcsec. 



The observations were carried out using standard VLA 
procedures. Short observations of the primary fiux calibra- 
tor 3C286 (1331+305) were used to calibrate the flux den- 
sity scale, assuming flux densities of 7.46 and 7.51 Jy at 
the two observing frequencies; these are the most recently 
determined VLA values, and are appr oxima tely 1% above 
the flux density scale of Baars et al. (1977). Observations 



of 3C286 separated in time by about 6 hours were used to 
determine the absolute polarisation position angle and to 
estimate the uncertainty in this calibration (±2°) from the 
difference between the solutions for the two different scans. 
The secondary calibrator 1058-1-015, offset 5 degrees from 
MS1054— 03, was observed at 30 minute intervals through- 
out the runs to provide accurate phase calibration. The wide 
range of parallactic angles at which this calibrator was ob- 
served enabled the on-axis antenna polarisation response 
terms to be accurately determined. 

3.2 Editing and Imaging 

After first discarding data from any antenna or baseline 
showing excessive noise (very little for the first run, about 
5% of the data from the second run and 10% of the data 
from the third run), the data were CLEANed using the MPS 
task IMAGR. Then, the presence of a just sufficiently bright 
(7mJy) point source towards the centre of the field, en- 
abled two cycles of phase self-calibration to be carried out, 
which reduced the map rms by 10-15%. Final maps of the 
field were then produced in the Stokes parameters I, Q and 
U, by further CLEANing the datasets. The maps were pro- 
duced using an intermediate data weighting between those of 
natural and uniform weighting, by setting the data weight- 
ing ROBUST parameter to 0.5. This weighting provided the 
best compromise between the higher sensitivity of a nat- 
urally weighted map and the higher angular resolution of 
a uniformly weighted map: the rms noise level was only 8% 
higher than that of natural weighting, and a Gaussian restor- 
ing beam of full-width-half-maximum (FWHM) 5 arcsec 
(north-south) by 4.5 arcsec (east-west) was used. A second 
total intensity map was also made at full angular resolution 
(4.0 by 3.9 arcsec FWHM) using uniform weighting to allow 
more detailed investigation of the source structural param- 
eters; the rms noise level was about 70% higher than than 
that of the robust= 0.5 map. 

Maps of the field of size 1024 x 1024 pixels, with pixel 
size 1.0 arcsec were made. Extra CLEAN boxes were placed 
around a further six sources outside of this field, to prevent 
any increase in the map noise due to their sidelobes, but 
these extra sources are not considered further in this paper 
since they are well beyond the primary beam for these ob- 
servations and are unlikely to be associated with the cluster. 
25000 CLEAN iterations were used, which CLEANed the maps 
down to a level of 2. Oct. Although negative CLEAN compo- 
nents were found after a much smaller number of iterations, 
this deep CLEANing is essential to fully remove the source 
sidelobes. A contour plot of the Stokes I 5 by 4.5 arcsec 
resolution map of the field is displayed in Figure |^. 

3.3 Source extraction and properties 

The resultant rms noise of the lower resolution maps is 
5.3 ± 0.1/iJy, within a few percent of the theoretically ex- 
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Figure 1. The contour map of the 1024 by 1024 arcsec field around the centre of the cluster MS1054— 03. The image rms noise level is 
5.3/iJy beam~^ , and contours are plotted at (—2, —1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) x32/ijy beam~^ (6o"), though note that due to 
primary beam attenuation (for which this map has not been corrected) the true sky flux densities are somewhat higher at large angular 
separations from the pointing centre: the antennae primary beam FWHP is about 9 arcmins. 



pected value, indicating the success of the editing and cal- 
ibration procedures. Real sources were taken to be those 
which had either a peak image flux density|§] in excess of 
32 /ijy (6(t), or a peak flux density in excess of 21 /ijy (4(j) 
and extended structure whose integrated image flux den- 
sity was detected above the 6(t level. There are no negative 
regions which would be selected according to these crite- 
ria if the sign of the radio flux density were inverted across 
the entire map, and so it is reasonable to expect that all 
of the extracted sources are real. Only those sources within 
400 arcsec of the pointing centre (corresponding to 80% pri- 
mary beam attenuation) were considered. 34 sources were 
thus selected from the image, and are detailed in Table ^. 



3 Note that due to primary beam attenuation the true sky flux 
densities are higher than the observed image flux densities at large 
radii; see discussion of corrections later in this section. For clarity, 
in this paper the term "sky flux density" is adopted for the true 
flux density of the source and the term "image flux density" refers 
to the (uncorrected) lower value measured on the images due to 
primary beam attenuation. 



The absolute position of each source was determined, 
together with its position relative to the cluster centre 
(as determined by the optically selected brightest cluster 
galaxy). For extended sources, note that the quoted posi- 
tion is the position of the peak of the radio flux, and may 
not accurately correspond to the location of the associated 
optical galaxy. Similarly for the very faintest sources the the- 
oretically determined errors may be somewhat optimistic. 

The peak flux density of each source was measured di- 
rectly from the image, and corrected for the effects of chro- 
matic aberration: the 50 MHz bandwidth leads to radial 
smearing of a true point source, and results in the mea- 
sured peak flux density being decreased by 5% at 230 arcsec 
radius, and 10% at 345 arcsec radius for these observations. 
For unresolved or barely resolved sources, the integrated flux 
density was calculated from a Gaussian flt using the MPS 
task JFMIT. Sources which are clearly extended, or of such 
low signal-to-noise that Gaussian fitting may be misleading, 
had their integrated fiux density calculated by summing the 
fiux density within a small box placed around the source. No 
correction has been made for surface brightness biases (e.g. 
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Table 1. The radio properties of the radio sources in the field. Provided are: (1) the source catalogue name, ordered in increasing 
distance from the centre of the cluster; (2,3) the right ascension and declination of the source; (4) the offset in arcsec of the radio 
source from the centre of the cluster, as defined by the position of the optically brightest cluster galaxy which is at 10 57 00.02, —3 
37 36.0 (J2000); (5,6) the peak and integrated image fiux densities of the radio source (see text); (7) the sky flux density of the source 
after correction for primary beam attenuation; (8) where the redshift of the source is known (see Table the rest— frame 5 GHz radio 
luminosity of the source, assuming a spectral index of 0.8; (9) the nature of the source (U - unresolved; R/U - possible resolved; R — 
resolved; E — extended); (10) the angular size of the source; (11) the position angle of the source. 
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lU 57 05.85 


O O CT OO A 

— 3 35 32.4 


151.3 


38.9 


37.9 


47.1 




U 


< 3.1 








±0.02 


±0.3 




1 r o 

±5.o 


±7.2 


± ( .1 










TV /T0 1 r\rz A 

Mbi054- 


-C17 


"in nT n cr 

lU 57 07.95 


O O CT C /I O 

— 3 35 54.8 


156.0 


47.4 


45.3 


58.2 




U 


< 3.2 








±0.02 


±0.3 




1 r o 

±5.o 


±7.0 


±7.2 










Mbi0o4— 


-Clo 


in AQ nn 
lU 56 48. 9U 


— 3 3 r 26.9 


166.7 


1029.0 


/qnoQ n 

bUzo.U 


7653.0 


23.8 


IL 


^ 22 


7 






±0.01 


_l_n 1 
±0.1 






±oD.U 


±90.5 




[IKIJ 






Mbi0o4— 


-Cly 


iU 5/ 06.46 


— 3 35 02.2 


181.5 


49.7 


63.7 


85.3 




"D /T T 
K/ U 


2.7 


125 






±0.02 


±0.2 




1 rr Q 

±5.0 


±o.o 


1 "1 "1 c 

±11.5 






/in 

< 4.U 




Mbi0o4— 


-CzO 


10 56 48.59 


—3 40 07.2 


228.3 


485.3 


1493.0 


2396.5 






^ 11 


69 






±0.01 


±0.1 




±5.3 


±23.6 


±58.9 




[FR I?] 






MS1054- 


-C21 


10 56 45.25 


-3 36 09.8 


237.3 


69.2 


77.6 


130.4 


22.6 


U 


< 3.8 








±0.02 


±0.2 




±5.3 


±8.3 


±14.0 










MS1054- 


-C22 


10 56 43.53 


-3 37 02.6 


249.0 


106.0 


104.5 


188.3 




U 


< 1.6 








±0.01 


±0.1 




±5.3 


±6.1 


±10.5 










MS1054- 


-C23 


10 57 16.50 


-3 36 41.7 


252.6 


39.4 


49.9 


90.1 




u 


< 4.3 








±0.03 


±0.4 




±5.3 


±7.5 


±13.7 










MS1054- 


-C24 


10 57 16.53 


-3 38 45.1 


256.6 


33.8 


38.1 


70.2 




u 


< 4.6 








±0.03 


±0.4 




±5.3 


±7.6 


±14.0 










MS1054- 


-C25 


10 56 53.02 


-3 33 34.6 


263.2 


56.6 


58.7 


107.4 




u 


< 3.6 








±0.02 


±0.3 




±5.3 


±5.9 


±10.1 










MS1054- 


-C26 


10 56 51.88 


-3 41 31.4 


265.1 


39.9 


41.8 


76.4 




u 


< 3.8 








±0.02 


±0.4 




±5.3 


±6.2 


±10.1 










MS1054- 


-C27 


10 56 50.23 


-3 33 42.9 


275.4 


29.6 


71.4 


143.9 




R 


6.3 


70 






±0.04 


±0.6 




±5.3 


±9.7 


±19.6 






±2.4 





continued on following page 
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Table 1 . continued from previous page 

Source RA (J2000) Dec Ar 5p 5int S^orr log(L5GHz) Nature PA 

n [MJy] [A^Jy] [MJy] [WHz-i] ["] [deg] 



iVioiU04 — 




1 n 


c^fi /ifi no 
OD 4D.uy 


q 

— o 


41 oZ. i 


OlD.4 




ov.o 


/ y.y 


IT 

u 


< o.z 










1 n HQ 




1 n yl 

ltU.4 




1 r n 

ito.o 


itO.D 


itlo.o 








MSI 0^4- 


-C29 


10 


^fi SQ S7 


_3 


38 49.3 


317.7 


30.0 


41.9 


106.3 


R/U 


4.1 


23 








±0.03 




±0.6 




±5.3 


±7.9 


±20.0 




< 5.7 




MS1054- 


-C30 


10 


57 15.07 


-3 


41 21.2 


318.6 


550.7 


1230.8 


3131.8 


E 


^ 28 


11 








±0.01 




±0.1 




±5.3 


±32.1 


±124.8 


[FRI (II?)] 






MS1054- 


-C31 


10 


56 44.61 


-3 


41 43.3 


338.2 


167.6 


168.3 


484.4 


U 


< 2.5 










±0.01 




±0.1 




±5.3 


±6.1 


±23.4 








MS1054- 


-C32 


10 


57 00.36 


-3 


31 36.0 


360.1 


45.2 


47.3 


153.2 


U 


< 3.2 










±0.02 




±0.3 




±5.3 


±6.2 


±18.0 








MS1054- 


-C33 


10 


57 17.88 


-3 


41 44.9 


365.3 


166.2 


174.0 


589.4 


u 


< 3.0 










±0.01 




±0.1 




±5.3 


±9.4 


±30.3 








MS1054- 


-C34 


10 


57 23.00 


-3 


35 15.0 


371.8 


26.8 


424.0 


1600.0 


E 


Si 60 


110 








±0.60 




±5.0 




±5.3 


±56.0 


±200.0 


[Diffuse] 







Pascarelle et al. 1998), which should be fairly negligible at 
the relatively low angular resolution of these observations. 
The image flux densities were then corrected for primary 
beam attenuation to determine the true sky flux density of 
each source. This attenuation is approximately 50% at a 
radius of 270 arcsec. For those sources which were either 
extended or resolved, the integrated flux density was taken 
and corrected to determine the true sky flux density; for the 
unresolved sources, the peak flux density was used. All three 
flux densities are provided for each source in Table |l| 

Morphological parameters of each source were deter- 
mined using JFMIT: for the sources brighter than 60/xJy the 
higher angular resolution uniformly weighted map was used 
for this, with the lower resolution higher sensitivity map 
being used for the weaker sources. The deconvolved angu- 
lar size of each source was determined, or an upper limit 
set thereon, after correction for radial smearing due to the 
non-zero bandwidth. Each source was classified as either: (i) 
unresolved (U), if only an upper limit could be set to its 
angular size; (ii) possibly resolved (R/U) if an angular size 
was determined but the one sigma lower limit was below 
zero; (iii) resolved (R), if the source was clearly resolved; or 
(iv) extended (E), if the intensity distribution could not be 
fit using a single Gaussian profile. In the later case, some 
indication of the nature of the radio source is also provided 
in the table. It should be noted here that no attempt has 
been made to correct for any overestimation of the angu- 
lar sizes that may occur due to the presence of noise when 
fitting small radio sources detected at only the few sigma 
level (e.g. Windhorst et al. 1984). This effect is negligible 
for the brighter sources, but could be > 10% for the weakest 
sources: as a guide, the angular sizes of the fainter sources 
in the sample are typically about 15% higher if determined 
from the 5 arcsec resolution image than from the 4 arcsec 
resolution image used. 



4 THE fiJY RADIO SOURCE POPULATION 

4.1 Comparison with background counts 

Numerous field surveys have been carried out of the fxJy 
radio source population to determine the differential radio 
source counts at different radio frequencies (see introduc- 



tion). Fomalont et al. (1991) have derived a parameterisa- 
tion for the integral source count at 5 GHz of: A''(> S) = 
(23.2 ± 2.8)S'"^■^**=^''■^^ where N{> S) is the number of 
sources per square arcmin with a total fiux density greater 
than S, measured in ^Jy. This formula can be used to predict 
the mean number of background sources that is expected in 
a 400 arcsec radius circle reaching a flux density limit of 
32/iJy at the centre, taking into account the variation in the 
sensitivity with radius due to primary beam attenuation. 
That gives a background prediction of about 25 (±5) sources 
which, compared to the 34 sources observed, suggests that 
of order a quarter of the detected sources are likely to be 
associated with the cluster. 

This analysis can be taken a step further by investi- 
gating the radial distribution of radio source counts in the 
cluster. In Figure |^ the number of detected sources is com- 
pared to the expected number of background sources as a 
function of distance from the centre of the cluster. A clear 
(> 99% significant) excess of sources is detected in the inner 
2 arcmin radius, corresponding to about 700 kpc at the red- 
shift of the cluster. Beyond this radius, the number counts of 
detected sources are fully consistent with background pre- 
dictions. These results are also provided numerically in a 
number of radial annuli in Table "A 



4.2 Radio— optical comparisons: the optical data 

As discussed in Section ^ an HST WFPC2 mosaic of the 
MS1054— 03 cluster has been made covering an area of 5 
by 5 arcminutes for an exposure time of 6500 second per 
pointing per filter in each of the F606W {R) and F814W (/) 
filters. This reaches a depth in the / band of / ~ 26 for a 
point source. VLT observations using FORS in the U, B and 
V wavebands have also been taken, covering a sky area of 6.8 
by 6.8 arcmins and reaching a point source limiting depth 
(3o") in the V band of 1/ 27 (Franx et al. in preparation) . 

To compare the radio and optical data, the two datasets 
must be placed in the same astrometric frames. Radio ob- 
servations are automatically in the International Celestial 
Reference Frame (ICRF), with positional errors significantly 
below 0.1 arcsec, but the absolute positions of optical images 
can be uncertain at the arcsec level. Initial astrometry of the 
optical frames was taken from the HST astrometric headers. 
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be within 0.2 arcsec of the ICRF. The magnitudes and posi- 
t ions of the optical galaxi es were obtained using SExtra ctor 
(iBcrtin fc Arnouts 199q ) on the HST image mosaic (|van| 



Dokkum ct al. 200C ) 



100 



200 

Radius / arcsec 



300 



400 



Figure 2. The cumulative distributions (working from a radius 
of 400 arcsec in to the centre of the cluster) of detected radio 
sources (solid line) compared to the predicted background counts 
(dotted line). The observed distribution is fully compatible with 
expectations at large radii, but a clear excess of sources, signif- 
icant at the > 99% significance level, is detected at small radii. 
These excess counts correspond to the radio sources associated 
with the cluster, and are found within a radial distance of order 
700 kpc (evaluated a,t z = 0.83). 



Table 2. The distribution of radio sources with distance from 
the cluster centre, compared to the expected background counts. 
For each radius range (1) the table provides the mean radius (2), 
the limiting sky flux density at that radius (3; this corresponds 
to a limiting image flux density of 32/iJy corrected for the pri- 
mary beam attenuation factor) , the mean number of background 
sources per square arcmin expected above this flux density (4), 
the total number of background sources expected to be detected 
in this radius range, together with the expected variation assum- 
ing Poisson statistics (5), and the true number of sources detected 
(6). A clear excess of detected sources is seen in the inner 2 ar- 
cmins, which corresponds to about 700 kpc at the redshift of the 
cluster (see also Figure 3). 



Radius 


R 


■Slim 




A^bk 


A^obs 


["] 


["] 




[arcmin"^] 






(1) 


(2) 


(3) 


(4) 


(5) 


(6) 


0-60 


42 


32.0 


0.389 


1.2± 1.1 


5 


60 - 120 


95 


33.9 


0.363 


3.4 ± 1.8 


7 


120 - 180 


153 


38.7 


0.310 


4.9 ±2.2 


6 


180 - 240 


212 


48.0 


0.241 


5.3 ±2.3 


3 


240 - 300 


272 


63.0 


0.175 


4.9 ±2.2 


6 


300 - 360 


331 


87.7 


0.118 


4.1 ± 2.0 


4 


360 - 400 


381 


129.1 


0.075 


2.0 ± 1.4 


3 



afte r cor rection for geometric distortions ( van Dokkum et al _ 
200C()~]rhis astrometry was then improved by considering 
the relative radio and optical positions of those unresolved 
radio sources which had unambiguous optical counterparts 
and adjusting the optical astrometry to produce the mini- 
mum combined radio-optical offsets for these sources, taking 
into account the uncertainties on the optical and radio po- 
sitions of each source. This improvement resulted in a small 
offset of the optical frames by 0.17 arcsec E and 0.13 arcsec N 
from the astrometry of van Dokkum et al., with the central 
cluster galaxy now having a position of 10 57 00.02, —3 37 
36.0 (J2000). The resultant optical frame astrometry should 



4.3 Radio— optical correlations 

The location of each radio source relative to the centre of 
the cluster is given in Table |^, together with details of any 
optical galaxies with I < 26, that lie within 2.5 arcsec of the 
radio source. If multiple optical candidates are found, only 
those within 3 magnitudes of the brightest galaxy are listed, 
to minimise potential galaxy deblending problems. The 2.5 
arcsec radius considered is larger than the 0.2 arcsec uncer- 
tainty in the astrometric frame discussed above, primarily 
due to uncertainties in both the radio and optical positions. 

Contour plots of the 34 radio sources are displayed in 
Figure Al in the appendix, overlaid where possible upon 
an optical image of the field. The nature of each individual 
source is also discussed there. From these results it is seen 
that of the 34 radio sources, 25 lie within the fields of the 
optical imaging. All but four (MS1054-C4, C9, C16, C25) 
of these sources have optical counterparts which are very 
probably associated with the radio source. 10 radio sources 
are associated with optical galaxies with magnitudes typical 
of the bright cluster galaxies (19 < / < 22), and a further 
11 associated with galaxies whose magnitudes are either un- 
measured or fall outside of this range. It should be noted 
that although towards the very centre of the cluster the sky 
density of detected sources is high, with of order 200 galax- 
ies with 7 < 26 detected in the centre-most square arcmin 
(1 galaxy per 18 square arcsec), in this region all of the 
radio-optical coincidences are with bright optical galaxies 
(7 < 22). At these magnitudes the probability of an optical 
galaxy being at the observed radio-optical offsets is very low 
(<C 5%; from P(< r) = 1 — exp(— yrpr^), where p is the sky 
density of optical sources); however, even in the cluster out- 
skirts the probability of chance coincidence with an optical 
galaxy of 7 ~ 25 is as high as ~ 25%. It should also not 
be forgotten that any true radio source hosts with 7 > 26 
may lie within 2.5 arcsec of a brighter galaxy, and so be 
misidentified. 



5 THE CLUSTER RADIO SOURCE 
POPULATION 

Of the 21 sources with optical identifications, spectroscopic 
redshifts are available for 11 of the host galaxies, and 8 (as- 
suming here that MS1054— C2 is associated with one or both 
of the cluster galaxies; see appendix) of these lie at the red- 
shift of the cluster. This section concentrates upon these 8 
cluster radio sources. Figure 3 provides a detailed picture of 
the radio-optical correlations and optical morphologies of 
these galaxies. 

It should be noted that although only 8 of the 34 ra- 
dio sources are confirmed to be associated with the cluster, 
these eight galaxies are likely to comprise the majority of the 
cluster radio population brighter than 32/iJy: the confirmed 
cluster galaxies stand out from the background population 
not only through the excess radio source counts and their 
location in the inner 700 kpc radius from the cluster centre, 



© 1999 RAS, MNRAS 000, 




MS1054-C1 MS1054-C2 MS1054-C3 MS1054-C5 




^ Figure 3: Radio contours of the 8 radio sources confirmed to be associated with cluster galaxies, overlaid upon the optical images of their host 

§ galaxies. The radio contours are plotted at (-2, -1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) Xl6//Jy (3(t). The optical images are the F814W HST 

-° images, except for MS1054— C14 which lies outside of the HST field; for this source the V-band VLT image is displayed instead (see text for details). 

■Sn Note that in 4 out of the 8 cases the radio emission is associated with one of a close pair of galaxies of similar magnitude. 
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Table 3. Comparisons between the radio sources and the optical data. For each source, the offset (in arcsec) of the radio source 
from the central cluster galaxy (at 10 57 00.02, —3 37 36.0, J2000) in RA (positive is West) and Dec (positive is North) is given. For 
those sources which lie within the fields of the optical imaging, details of any optical galaxy brighter than 1= 26 within 2.5 arcsec of 
the radio position are also given. The old identification numbers of each galaxy are taken from the original numbering scheme for the 
HST imaging observations (van Dokkum et al. 2000), with a value of —99 indicating a galaxy previously without a number. The new 
identification numbers represent a reclassification including all galaxies on the HST frame, introduced for the spectroscopic observations: 
these new identification numbers will be used in all forthcoming papers. The offsets 5x and 5y are from the central cluster galaxy, as 
defined for the radio sources, and the 'Offset' column gives the positional difference (in arcsec) between the radio and optical locations. 
The morphological type of the galaxy is given where known, as is its magnitude through the F814W {~ I) filter of the HST and the 
F606W— F814W (~ R — I) colour for those objects within the HST mosaic. The penultimate column gives the source redshift, if measured, 
and the final column indicates with a 'C the confirmed cluster galaxies, and with 'P' the potential galaxy pairs. 



Source 



Radio Source 
5x 5y 



Old Id. New Id. 



5x 



.Optical Galaxies within 2.5 arcsec 

6y Offset Type F814W F606W-F814W 



Note 



MS1054-C1 


6.4 


8.3 


1459 


4705 


6.1 


8.3 


0.3 


Sc 


20.66 


1.71 


0.8452 


C 


MS1054-C2 


-30.1 


4.6 


1435 


5442 


-29.7 


4.5 


0.4 


so/a 


21.87 


1.96 


0.8195 


CP 








1431 


5432 


-29.4 


2.3 


2.4 


Sa/b 


22.11 


1.59 


0.8148 


CP 








1433 


5465 


-32.3 


5.7 


2.5 




22.63 


1.91 


1.0760 




MS1054-C3 


-38.6 


32.4 


1656 


5529 


-37.8 


31.2 


1.4 


E/SO 


21.06 


2.09 


0.8216 


CP 








1655 


5534 


-37.9 


34.1 


1.9 


E 


20.94 


1.86 


0.8397 


CP 



MS1054-C4 
MS1054-C5 
MS1054-C6 



MS1054-C7 
MS1054-C8 

MS1054-C9 
MS1054-C10 

MS1054-C11 

MS1054-C12 
MS1054-C13 

MS1054-C14 
MS1054-C15 
MS1054-C16 
MS1054-C17 
MS1054-C18 
MS1054-C19 
MS1054-C20 
MS1054-C21 
MS1054-C22 
MS1054-C23 
MS1054-C24 
MS1054-C25 
MS1054-C26 
MS1054-C27 
MS1054-C28 
MS1054-C29 
MS1054-C30 
MS1054-C31 
MS1054-C32 
MS1054-C33 
MS1054-C34 



—50.7 


12.4 


—56.6 


—6.7 


—61.0 


28.2 


17.4 


—75.4 


31.2 


—82.0 


47.3 


80.0 


60.6 


79.3 


67.5 


87.6 


-59.4 


97.9 


94.6 


-82.0 


-40.6 


-127.2 


0.1 


142.5 


-87.3 


123.6 


-118.7 


101.2 


166.5 


9.1 


-96.4 


153.8 


171.1 


-151.2 


221.1 


86.2 


246.8 


33.4 


-246.7 


54.3 


-247.1 


-69.1 


104.8 


241.4 


121.9 


-235.4 


146.6 


233.1 


208.5 


-236.7 


309.1 


-73.3 


-225.3 


-225.2 


230.7 


-247.3 


-5.1 


360.0 


-267.4 


-248.9 


-344.0 


141.0 



1403 


5599 


-56.8 


-5.5 


1.2 


Sc 


20.14 


1.31 


0.8113 


C 


1584 


6038 


-61.5 


28.3 


0.5 


E 


20.76 


2.13 


0.8311 


CP 


-99 


6143 


-59.4 


27.2 


1.9 




23.49 


0.55 






-99 


6164 


-63.2 


28.3 


2.2 


E 


21.49 


2.11 




P 


-99 


6145 


-59.6 


30.2 


2.5 




22.80 


0.65 






735 


4362 


17.4 


-74.9 


0.5 




21.82 


0.88 






-99 


4012 


31.0 


-82.8 


0.8 


so/a 


21.50 


1.98 


0.8297 


CP 


710 


3995 


30.5 


-81.0 


1.2 


E 


20.78 


2.14 


0.8342 


CP 


1865 


3456 


49.5 


79.0 


2.4 


Star 


17.82 


1.85 






1851 


3104 


60.8 


78.9 


0.4 




23.53 


0.78 






1851 


3070 


60.0 


79.6 


0.6 




23.44 


1.07 






1895 


2847 


67.8 


87.7 


0.3 




23.30 


0.71 






-99 


2825 


67.9 


85.2 


2.5 




24.62 


0.56 






1942 


5756 


-59.3 


97.9 


0.1 


E 


20.98 


2.09 


0.8309 


C 


-99 


2036 


94.1 


-82.2 


0.5 


Sa/b 


21.92 


1.63 






-99 


1943 


96.3 


-80.2 


2.5 




23.87 


0.76 






-99 


564 


-41.1 


-127.5 


0.6 








0.8321 


C 


2132 


4416 


-0.6 


142.9 


0.7 


Sc 


17.96 


1.23 


0.2499 




-99 


7702 


-118.3 


101.7 


0.6 




25.91 








1592 


1 


166.6 


9.7 


0.6 


E 


16.54 


0.85 


0.1830 




2151 




-95.9 


154.0 


0.5 












519 




171.2 


-152.8 


1.6 












-99 


8 


221.6 


85.4 


0.9 


E/SO 


18.56 


1.21 


0.3740 




-99 




246.7 


32.7 


0.7 


















Outside optical fields. 











-99 
-99 



Outside optical fields.. 

Outside optical fields.. 

147.4 232.2 1.2 — 
Outside optical fields.. 

308.7 -73.1 0.5 — 

Outside optical fields.. 

Outside optical fields.. 

Outside optical fields.. 

Outside optical fields.. 

Outside optical fields.. 



but also by their association with galaxies of magnitudes 
20 < 7 < 22 and red (i? - / > 1) colours (see Table |); only 
two of the radio sources without redshifts (MS1054— C7 and 
C13) are associated with galaxies with measured magnitudes 
in this range, of which only C13 is red. Therefore conclusions 
based upon the properties of these 8 can be interpreted more 
generally. 



A approximate comparison between the radio luminosi- 
ties and star formation rates of (non-AGN) cluster galax- 
ies can be made by converting between the type II super- 
nova rate and the radio emission, since star-forming re- 
gions are transparent at radio wavelengths: « 1.3 x 
10^'^i^~"nsN WHz~^, where u is measured in GHz, a ~ 0.8 
is the radio spectral index and nsN is the supernova rate 
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per year ( |Condon fc Yin 1990| )P]. Andersen & Owen ( |l9& 
showed that radio sources in nearby clusters are offset from 
the radio-far-infrared relationship of field galaxies by typi- 
cally a factor of two, and suggest that this is due to a boost- 
ing of the radio emission of cluster galaxies (for a given star 
formation rate) due to compression of the magnetic field 
due to the motion of the galaxy through the in traclu ster 
medium; a more detailed study by Miller & Owen (2001) in- 



dicates that this applies only for a subsample of star-forming 
galaxies, is more prevalent in the richest clusters, and that 
the radio enhancement is typically a factor of 2 to 3. Based 
upon these results we include an extra factor of two into the 
above equation to account for this effect. 

For a Salpeter initial mass function with upper and 
lower mass cut-offs of 125 and 0.15 Mq respectively, and 
assuming that all stars more massive than 8 Mq produce 
supernovae, there is approximately one supernova for each 
120 Mq of star formation. Putting these together gives a re- 
lationship between the radio luminosity and the mean star 
formation rate over the past ~ 10* yrs (the lifetime of the 
relativistic synchrotron electrons), M, , of: 



M, 



Moyr-i 



:4.5(^)^ 



1022 W Hz- 



(1) 



In the following subsections this relation will be used 
to compare the radio source population wit h various other 
classes of cluster galaxies. In subsection 5.1 the comparison 



between the cluster radio sources and the Butcher-Oemler 
population is considered. The correlation of the cluster ra- 
dio sources with inte ract ing and merging galaxies is inves- 
tigated in subsection p.2[ and the correlation with emission 



line strengths is discussed in subsection 5.3, The cluster ra- 



dio source radio luminosity distribution is discussed in sub- 
section oA. 



5.1 Correlations with galaxy colours 

As discussed in the introduction, an increased proportion of 
bluer 'Butcher Oemler' galaxies, which are believed to have 
on-going or recently terminated star formation, are found 
in high redshift clusters. To investigate the radio emission 
from this 'Butcher Oemler' population in MS1054— 03, the 
10 cluster galaxies with colours bluer than {U — B)z = 0.1 
(excluding the blue Sc galaxy MS1054— C5 which already 
lies within the radio source sample) were selected fr om th e 
colour-magnitude diagrams of van Dokkum et al. (2000), 
and the mean radio emission from these was calculated. Only 
one of the galaxies was individually detected above the 2a 
level, and that only at 2.1a; the combined flux density from 
all ten galaxies was 2.4 ± 1.6/iJy, again only a 1.5a level de- 
tection. The measured mean radio flux density corresponds 
to 6±4M0 yr~^, which is consistent with the star formation 
rates necessary to bluen the galaxy colours by this amount. 
The current radio observations are not deep enough to detect 
typical star-forming galaxies, but only extreme starbursts or 
AGN activity. 

Approaching this issue from the other side, in Figure ^ 
is presented an F814W-F606W R - I) vs F814W (!) 



il Fo r reference, the Milky Way has ncM 0.041 vr ( rammann 
|l982| ) and M82 has nsN ^ 0.1 yr"! ( jCondon 199^ ). 
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Figure 4. The F606W-F814W (si R-I) versus F814W colour- 
magnitude relation for the early-type galaxies in the MS1054 clus- 
ter. Crosses represent ellipticals and SOs and asterisks are SO/a 
galaxies. Those galaxies associated with a radio source are indi- 
cated by filled triangles (in the case of close pairs, both of the 
pair of galaxies are indicated). The large circles indicate those 
radio galaxies which are one of a close pair. The line represents 
the fit to the colour-magnitude relation derived by van Dokkum 
et al. (2000). With only one exception the galaxies associated with 
the radio sources have colours consistent with the tight colour- 
magnitude relation defined by the other early-type cluster galax- 



colour-magnitude diagram for all of the early-type con- 
flrmed cluster galaxies, with the radio galaxies indicated as 
flUed triangles, and the close pairs further indicated by a 
large circle. Excepting galaxy 5534 (one of the close pair of 
galaxies associated with MS1054— C3) all of the galaxies as- 
sociated with the radio sources have colours consistent with 
the colour-magnitude relation of the other early-types in 
the cluster. This suggests that their radio emission is not 
due to starburst activity, which would tend to bluen the 
galaxy colours, but rather with hidden AGN activity. 



5.2 Correlations with galaxy— galaxy interactions 

Of the 8 cluster radio sources, 4 are associated with pairs 
of cluster galaxies with projected separations of 10-25 kpc 
(1-2.5 arcsec), that are plausibly undergoing interactions 
(although in the case of MS1054— C3 it must be noted that 
the velocity difference between the two galaxies in the pair 
is over 5000 km s~^, and so this must either be a chance 
projection or, if an interaction, the galaxy pair is unbound; 
for MS 1054— C6 although the second galaxy is not a spec- 
troscopically confirmed cluster member, its magnitude and 
colour are very strongly indicative that it is). The galaxies 
comprising these pairs are of type SO/a or earlier in 7 of 
the 8 cases, and are within one magnitude of each other in 
luminosity. The probability of a chance projection at these 
magnitudes and separations is <C 5%, as discussed above. 

Despite the apparent high proportion of 'interaction- 
driven' radio sources in the cluster, and the fact that the 
cluster is known to contain a very high proportion of con- 
firmed binary galaxies and on-going mergers (galaxy nu- 
clei separated by <C 10 kpc), not a single one of the radio 
sources is associated with any of the 13 cluster objects clas- 
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sified 'merger / peculiar' by van Dokkum et al. (2000). In- 



deed, none of these merging galaxies is detected above the 
2(7 level in the radio map. This sets interesting limits on the 
radio luminosity associated with the cluster merger events: 
to provide tighter constraints, the radio emission was aver- 
aged across the locations of the 13 confirmed on-going merg- 
ers in the cluster, giving a mean flux density of 2.2 ± 1.5/iJy, 
only a 1.5a detection. Realistically then, the upper limit to 
the radio emission of the merger events is of order 5/iJy 
which, at the redshift of the cluster, corresponds to a rest- 
frame 5 GHz radio luminosity of about lO^'^WHz"'^. From 
equation 1, this sets a limit to any starburst accompany- 
ing the merger events in the MS 1054 cluster, to a mean of 
order lOA^Qyr"^. This suggests that t he very red colours 



gen erall y seen for the merging galaxies (van Dokkum et al 



1999) a-e simply the intrinsic colours of the galaxies, rather 
than being caused by a massive starburst heavily obscured 
by dust. 

The high proportion of galaxy pairs among radio 
sources in the cluster and the absence of radio emission from 
on-going mergers implies that galaxy interactions may be 
more efficient than mergers at inducing radio activity. It is 
i ntere sting to compare this result with that of Roche & Bales 
(2000) who found that the majority of a sample of powerful 



low redshift SCR radio galaxies were visibly interacting, but 
that the mean projected separation of the interacting pairs 
was 44± 10 kpc. This is about three times larger than that of 
interacting ultraluminous infrared galaxies. From this they 
concluded that radio bursts occurred at a much earlier stage 
of an interaction / merger than the peak of the starburst ac- 
tivity. 



5.3 Correlations with emission line luminosity 

5.3.1 Line emission from star formation or AGN activity 

In the absence of high resolution radio observations or ra- 
dio spectral indices to distinguish starbursting galaxies from 
AGN, a separation between the two classes can still be made 
based upon to ratio of the radio to the emission line lumi- 
nosity of the host galaxies. When combined with optical 
morphologies and optical spectral properties this division 
can be made with a fair degree of accuracy (e.g. Owen et al 
1999). 

Very massive stars emit photons with high enough en- 
ergy to ionise th eir surrounding gas, leading to a theoret- 
ical correlation (Barbaro & Poggianti 1997) between the 



[Oil] 3727 emission line luminosity and the mean star forma- 
tion rate over the past 10^ years (the approximate lifetime 
of such massive stars): 



Meyr- 



'lO^iergs- 



(2) 



In practice, however, use of the [Oil] 3727 emission line as 
an estimator of star formation is fraught with problems (e.g. 
Hopkins et al 2001, Adelberger & Steidel 2000, Kennicutt 
1998 and references therein), the most important of which 
is dust extinction which causes the star formation rate to be 
underestimated. These problems can, however, be mostly ig- 
nored if the level of accuracy required is only that to separate 
radio sources into starbursting galaxies or AGN. The above 
conversion is therefore adopted, but with an allowance for 



optical extinction. Assuming that the average star formation 
rate over the past 10^ years (sampled by the radio emission 
due to the synchrotron lifetime) is the same as that over the 
past 10^ years (sampled by the [OH] line emission), then 
equations |l| and g give a crude relationship between the ob- 
served 5 GHz radio flux density and the observed [OH] 3727 
emission line flux for a star forming galaxy at redshift 0.83: 

/([OH] 3727) 1 



•S'sGHz 



: 4.4- 



10- 



J erg cm~^s- 



T, 



[Oil] 



where T^qu] is the fraction of light transmitted (not ex- 
tincted) at 3727A. The scatter in both of the line luminosity 
to star formation rate and radio luminosity to star formation 
rate relations, and the different star formation timescales 
that the two relations sample, will provide further scatter 
around this relation. 

No comparable relation is known between the [Oil] 3727 
and radio luminosities for AGN at these radio luminosities, 
although the two properties are well correlated over several 
orders of magnitude, albeit with up to an order of magnitude 
of scatter, for more powerful radio galaxies (see Figure 3 of 
Willott et al. 1999); if this relation can be extrapolated down 
in luminosity then, converting the 151 MHz radio luminosity 
to a 5 GHz radio luminosity assuming a spectral index of 0.8: 



1.7 X 10* 



/([OH] 3727) 
10~^^erg cm'^s" 



(4) 



It is not clear whether su ch an extrapolation is valid; for 
example, Gruppioni et al (1999) flnd that a signiflcant pro- 
portion of sub-mjy radio sources show only absorption lines 
and no emission lines. Irrespective of the precise details, 
however, the critical point is that for a given radio flux den- 
sity the expected emission line flux if the radio emission is 
produced by an AGN is at least 100-1000 times lower than 
if it is associated with star formation. A radio source with 
S'sGHz ~ 100/iJy will only have detectable [Oil] 3727 line 
emission if at least some of the radio emission is due to star 
formation. 



5.3.2 The nature of the cluster radio sources 

Only three of the eight cluster radio sources (MS1054— CI, 
C5, C14) are emission line galaxies (defined as [Oil] equiva- 
lent width > 5A; van Dokkum et al. 2000): MS1054-C1 has 
an [OH] 3727 equivalent width of 5.9 ± 1.2A, MS1054-C5 
has 14.7 ± 2.2A and MS1054-C14 has 39.0 ± 6.8A. Using 
the continuum magnitudes and colours from the HST obser- 
vations to provide continuum calibration of the spectra, the 
[on] 3727 fluxes of these three sources are compared to their 
radio fluxes in Figure |^. The other five radio galaxies are sim- 
ilarly plotted, taking upper limits to the [OH] 3727 equiva- 
lent width of SA. Also indicated on the figure is the relation 
for starburst galaxies derived in Equation H, with the shaded 
region representing the effect of up to two magnitudes of op- 
tical extinction. The extrapolated relation for AGN is also 
indicated, although once again it must be stressed that this 
relation is only indicative. 

It is clear from Figure || that MS 1054- CI is an AGN, 
as would be expected from its extreme radio luminosity. 
Equally, MS1054— C5 lies well within the region of the plot 
predicted for star forming galaxies. Its radio flux density cor- 
responds to a star formation rate of nearly 100 MQyr~^; its 
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5.5.5 Cluster emission line galaxies 
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Figure 5. The distribution of [Oil] 3727 line fluxes versus radio 
flux densities for the cluster radio sources. The relation expected 
for star forming galaxies (Barbaro & Poggianti 1997) is indicated 
by the solid line, and the shaded region represents the effect of 
up to two magnitudes of dust extinction. The dashed line shows 
an extrapolation of the Willott et al (1999) relation for powerful 
radio galaxies; its applicability at these lower radio luminosities 
is uncertain, but the key point is that the for a given radio lu- 
minosity, the emission line luminosity is 2-3 orders of magnitude 
lower for AGN than star-forming galaxies. 



morphology and colour are consistent with a high current 
star-formation rate. MS1054— C14 lies between the AGN 
and starburst regions, and so the origin of its radio emission 
is less clear. This is likely either a heavily extincted starburst 
or a combination of AGN and star formation. The other five 
cluster galaxies all have upper limits to their emission line 
luminosity which place them well below the star formation 
region. The spectra of all five of these galaxies appear as 
typical elliptical galaxies. In two cases an extended radio 
source has been produced, so these must be AGN; for the 
other three, although a heavily obscured nuclear starburst 
cannot be excluded from these sources, similar low luminos- 
ity radio sources in red ellipticals are fo und in low redshif t 
clusters and are seen to be weak AGN (Owen et al. 1999). 
We conclude that these 5 sources are all likely to be weak 
AGN. 

Summarising, of the four radio sources associated with 
isolated galaxies, 2 are AGN, 1 is a starburst, and 1 is un- 
clear. This is consistent with the 50 — 60% starburst contri- 
bution at these luminosities which has been both predicted 
on the basis of radio source count modelling (e.g. Wall and 
Jackson 1997, Hopkins et al. 2000) , an d observed in deep ob - 
servations of the Hubble Deep Field (Richards et al. 1998). 



However, all four of the radio sources associated with galaxy 
pairs appear to be AGN, and if confirmed then the overall 
AGN fraction amongst the cluster sources would be > 75%, 
inconsistent with field observations at these flux density lev- 
els. The most likely explanation for this is that the isolated 
cluster radio sources discussed above are essentially an ex- 
tension of the fleld population, but that the galaxy pair ra- 
dio sources represent a different population; interactions be- 
tween early-type galaxies, inducing weak AGN activity, are 
unlikely to occur at a high rate in the field simply because 
of the sparsity of early-types, and so this population may 
be fairly unique to high redshift cluster environments. 



None of the sources that van Dokkum et al. (200C) classified 
as emission line galaxies (many of which also fall within the 
merger or blue galaxy categories) are detected above the 2a 
level in the radio map apart from the three sources discussed 
above (CI, C5 and C14). The most emission line luminous 
cluster galaxy, 1801, has /([OH]) « 3 x 10"^^ergcm"^s"\ 
predicting a 15/iJy (3(t) radio flux density, although this is 
not detected in the radio maps. The mean radio emission of 
the emission line galaxies, 0.9 ± 1.9^Jy, corresponds to an 
upper limit of about 5M0yr~^ which is comparable to the 
mean star formation rate of these galaxies determined using 
Equation ^. 

It is clear from these observations that radio surveys 
directly seek out both AGN and star-forming galaxies. A 
comparison with optical techniques demonstrates that at the 
current depth these observations are picking out the extreme 
end of the optically selected star-forming galaxies together 
with a population of low luminosity active galaxies that are 
not found using optical techniques. Still deeper observations 
will be required if typical star-forming galaxies are to be 
observed. 



5.4 Cluster radio source luminosity distribution 

Although the number of confirmed cluster radio sources 
in MS1054— 03 is very small, it is still instructive to per- 
form some simple comparisons with clu ster r adio popula- 
tions at low redshift. Ledlow & Owen (1996) have deter- 



mined the univariate and bivariate luminosity functions of 
radio sources in a sample of low redshift {z < 0.09) clusters, 
from which can be determined the percentage of all elliptical 
galaxies brighter than absolute R-magnitude Mr = —20.5 
which host radio sources more luminous than a given radio 
luminosity. For a galaxy with the colour of a typical early- 
type galaxy a.t z = 0.83, and taking into account also the 
J?-magnitude change due to passive evolution of the stel- 
lar populations, this optical magnitude limit corresponds to 
an apparent magnitude through the HST F814W filter of 
/~ 21.6. 

Within IMpc (168 arcsec) of the centre of MS1054-03 
there are 23 early-type galaxies (no separation is made here 
between ellipticals and SO morphologies, and 3 of the 6 
galaxies classified as "SO/a", ie uncertain SO or Sa, are in- 
cluded) with magnitudes / < 21.6 that are conflrmed to 
be members of the cluster; the spectroscopic observations 
are currently over 80% complete to this magnitude limit. 
Of these cluster early-type galaxies, 5 show radio emission 
with a rest-frame 1.4 GHz luminosity above 23.1 WHz~^ 
(again, including only 1 of the 2 SO/a classifications, and 
counting only one galaxy from each close pair). Given that 
the spectroscopic observations were taken prior to the radio 
observations, there is no reason to suspect that the spectro- 
scopic targets in any way favour those with radio emission, 
and hence the fraction 5/23 = 22% should be a fair esti- 
mate of proportion of radio loud early-ty pe ga laxies in the 
cluster. By comparison, Ledlow & Owen (1996) found that 
only 5.8% of elliptical galaxies (and hence an even lower 
percentage of all early-type galaxies since very few of their 
SO's were radio emitting) in low redshift clusters have radio 
luminosities above this level. Clearly there is an excess of 
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radio sources in this high redshift cluster compared to low 
redshift clusters. However, this increase is only comparable 
to that found in the field: Hammer et al ( [1995| ) found that 
the corresponding fraction for z > 0.7 field ellipticals is of 

order a third. 

Studying the Virgo cluster, Gavazzi & Boselli (199t) 



have shown that late type galaxies of all Hubble types are 
equally likely to develop radio sources, with a probability 
proportional to the optical luminosity of the galaxy. Only 
two of the radio sources are unambiguously identified with 
late-type cluster galaxies (MS1054— CI and C5), but it is 
instructive that these are indeed two of the most luminous 
late-type galaxies in the cluster (cf. van Dokkum et al. 
2000). 

As was discussed in the introduction, a deep radio sur- 
vey of two z ~ 0.25 Abell clusters revealed a bimodality 
in the distribution of radio source luminosities in that clus- 
ter (see Figure ^a), with the prevalence of the weaker radio 
source populatio n providing a measure of the state of activ- 
ity of the cluster ( Dwarakanath fc Owen 1999 ) . Those galax- 



ies classified as AGN by Owen et al (1999) have been shaded 
in the histogram: the more luminous radio source population 
is comprised entirely of AGN, whilst the weaker popula- 
t ion p rovides a mixture of AGN and starbursts. Small et al. 
( [1999| ) studied the cluster GL0939-I-4713 at z = 0.41, and 
their results are similarly plotted in Figure In Figure ^ 
is reproduced the histogram of radio luminosities of radio 
sources in the MS1054— 03 cluster, converted from 5 GHz to 
1.4 GHz rest-frame assuming a spectral index of 0.8. The ra- 
dio detection limit of each of the three clusters is indicated. 

Whilst it cannot be over-stressed that these latter two 
clusters contain very small numbers of confirmed cluster 
galaxies, it is of note that both are consistent with the Abell 
2125 distribution in the sense of being plausibly bimodal, 
with the more luminous population consisting entirely of 
AGN and the less luminous population being both AGN 
and starburst galaxies. Further the break in luminosity be- 
tween the two populations may evolve to higher luminosi- 
ties as we move to higher redshifts: certainly the starburst 
galaxies detected in MS 1054— 03 are of higher radio lumi- 
nosity than any detected in the low redshift cluster. There 
are far too few cluster radio sources to attempt to quantify 
whether, and how quickly, any such evolution occurs. How- 
ever, it is intriguing that the {1 + z)~'^ luminosity evolution 
which matches the evolution of the luminosity functions of 
many different types of active galaxies (e.g. radio sources - 
Dunlop & Peacock 1993; optically-selected quasars - Mal- 
oney & Petrosian 1999; X-ray sources - Boyle et al. 1993) 
fits the observations rather well. 



6 CONCLUSIONS 

Deep radio imaging of the z — 0.83 cluster MS1054— 03 has 
revealed a population of cluster radio sources. Eight radio 
sources are associated with galaxies that are already spectro- 
scopically confirmed cluster members. This corresponds to 
approximately 22% of early-type confirmed cluster galax- 
ies with Mn < —20.5 within 1 Mpc of the cluster centre 
having rest-frame 1.4 GHz luminosity above 23.1 WHz~^. 
The cluster radio sources fall into two distinct categories. 4 
sources are hosted by isolated galaxies which have a range of 
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Figure 6. Top: the distribution of radio luminosities of ra- 
dio sources associated with the z = 0.25 cluster Abell 2125. 
The data are from Dwarakanath & Owen (1999), converted to 
the cosmology assumed in this paper (H = 1, A = 0, Hq = 
70kms~^Mpc~^). The vertical dotted line represents the radio 
luminosity detection limit of the sample, and the dashed line in- 
dicates the centre of the break in the radio luminosity distribu- 
tion. The shaded region indicates the AGN population, and the 
unshaded region comprises the starburst galaxies and unknown 
objects. The sources classified as AGN by Owen et al. (1999) 
had either AGN spectra or were early-type galaxies with spectra 
showing no emission lines, thus inconsistent with being star form- 
ing. Middle: the distribution of radio source luminosities in the 
cluster CL0939+4713 {z = 0.41) from Smail ct al (1999), again 
converted to the above cosmology. The dotted line is again the 
detection limit, and the dashed line shows the luminosity break 
derived for A2125, scaled up in luminosity according to (1 -|- z)^ 
evolution. The AGN galaxies are similarly defined. Bottom: the 
distribution of radio luminosities of sources whose host galaxies 
are confirmed to be associated with MS1054— 03 at 2; = 0.83; the 
MS1054— 03 data has been converted to a 1.4 GHz rest— frame lu- 
minosity assuming a spectral index of 0.8. The two vertical lines 
are as defined for CL0939-I-4713. 



morphologies from ellipticals to Sc galaxies; the radio emis- 
sion appears to be associated with a starburst in at least 
one case, and AGN activity in two. The other four clus- 
ter radio sources are associated with close pairs of galax- 
ies, possibly interacting, although not all bound systems. 7 
of the 8 galaxies comprising these pairs are of type SO/a 
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or earlier, and the radio emission from these galaxy pairs 
is almost certainly nuclear in origin. This > 75% propor- 
tion of AGN in the cluster is in contrast to the field, where 
^ 50—60% of radio sources at this flux density level are asso- 
ciated with starburst galaxies. Considering the isolated clus- 
ter radio galaxies alone, these are consistent with the field 
distribution and may essentially be an extension of it, with 
the radio sources associated with galaxy pairs being a new 
AGN population, driven by early-type galaxy interactions, 
and thus fairly unique to high redshift cluster environments. 

MS1054— 03 is a cluster which contains a high propor- 
tion of on-going mergers. However, although up to 50% of 
the confirmed cluster radio sources appear to be interac- 
tion driven, none are associated with the confirmed merger 
events, and the upper limit to the mean radio luminosity 
of these merger events is of order 10^^ WHz~^, comparable 
to that of M82. It appears that galaxy-galaxy interactions 
may be more efficient than direct mergers at inducing radio 
emission. 

Although the sample of confirmed cluster radio sources 
is small (8), the cluster radio luminosity function shows a 
hint of bimodality, mirroring that observed in the low red- 
shift cluster Abell 2125, with a possible increase in the break 
luminosity with redshift. 

Clearly to investigate these issues further, spectroscopic 
redshifts for the remainder of the radio sources in the sam- 
ple will be required, together with deep radio surveys of a 
larger sample of distant clusters to improve the statistics 
and confirm the results suggested here. 
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APPENDIX A: THE INDIVIDUAL SOURCES 

In this appendix the nature of each individual source is dis- 
cussed, ordered by radial distance from the centre of the 
cluster, and radio contour maps of the field of each source 

For those radio sources which 



are displayed in Figure A.1 



lie within sky area of the HST mosaic, the radio sources 
are shown overlaid upon a greyscale representation of the 
F814W (/) image. In each case the greyscale range is ex- 
actly the same, so the relative brightness of the objects can 
be compared to that of the brightest cluster galaxy, visible 
in the MS1054— CI field. Those radio sources which lie out- 
side of the HST mosaic but within the larger field of the 
FORS imaging are shown overlaid upon the V band image, 
the greyscale range of the latter being adjusted to be at com- 
parable levels to that of the F814W image greyscales. The 
remaining 9 sources which lie outside of the FORS fields are 
simply displayed as radio contour plots. 

Details of the individual sources are as follows: 

MS1054— CI: First detected in the shallower imaging of 
Stocke et al. (199£), this bright radio source is associated 
with a confirmed cluster Sc galaxy. This galaxy is pro- 
jected close to the cluster centre (the elliptical galaxy visi- 
ble 6.4 arcsec east and 8.3 arcsec south of this galaxy is the 
central cluster galaxy) although offset in velocity by over 
2000kms"\ Its high radio luminosity (1.3 x 10^^ WHz~^) 
indicates that the radio emission must be associated with 
AGN activity, and the radio to emission line flux density 
ratio confirms this (Figure ^). 

MS1054— C2: The most tenuous radio detection in the sam- 
ple, this radio emission arises from the vicinity of three op- 
tically detected galaxies, two of which are confirmed cluster 
members projected less than 20kpc apart, and the third 
of which lies at higher redshift {z = 1.076). It is unclear 
whether the emission is associated with just one of the galax- 
ies, or with more, perhaps from a combination of two cluster 
galaxies due to an interaction. 

MS1054— C3: This relatively bright radio source w as als o 
detected in the shallower observations of Stocke et al. (1999). 
It lies between two confirmed cluster galaxies, not espe- 
cially consistent with the location of either (though note that 
the position determined by Stocke et al. places it closer to 
the southern galaxy). The two galaxies may be interacting, 
separated by a projected distance of only 17kpc, although 
the colours of both galaxies are red: one galaxy lies on the 
'passive-evolution' colour-magnitude relation and the other 
is about 0.2 magnitudes bluer than this (Figure The ra- 
dio source is extended by of order the separation of the two 
galaxie s, an d shows a marginal detection of polarisation (see 
Figure A2), indicating that the radio emission is likely to 
have an AGN origin. 

MS1054— C4: This extended region of radio emission has 
no obvious optical counterpart in the deep HST images. Its 



nature is unclear, although its luminosity and radial offset 
from the cluster centre are both consistent with it being 
a cluster relic radio source: these are diffuse radio sources 
found occasionally in clusters, associated with no particu- 
lar parent galaxy (e.g. Giovannini et al 1999 and references 
therein). Their origin is still uncertain. 

MS1054— C5: This region of weak radio emission appears 
to be separate from the extended source MS1054— C4, al- 
though it cannot be ruled out that these form part of the 
same source. Far more likely is that this emission is asso- 
ciated with starbursting activity in the z — 0.8113 cluster 
Sc g alax y projected only 1.2 arcsec away: as shown in Sec- 
tion 5.3, the radio luminosity of the source is very close to 



that which would be predicted on the basis of the emission 
line luminosity of this Sc galaxy, assuming both to be asso- 
ciated with on-going star formation. 

MS1054— C6: This radio emission is associated with a con- 
firmed cluster elliptical galaxy, whose isophotes overlap with 
a second elliptical galaxy of comparable magnitude and 
colour (but unknown redshift). Other fainter galaxies are 
observed close-by. If the second elliptical galaxy is also a 
cluster member, then the radio emission is likely to have 
been induced by galaxy-galaxy interaction. 

MS1054-C7: Although there is a small possibility that 
this radio emission forms part of the extended radio source 
MS1054— C8, it appears to be a separate radio source as- 
sociated with a 22nd magnitude galaxy, whose redshift is 
currently unknown. 

MS1054— C 8: Thi s bright radio source was first detected by 
Stocke et al. (199!;) and is associated with two galaxies both 
of which are confirmed cluster members with a projected 
separation of 11 kpc. These galaxies may be interacting, but 
do not show any features that would cause th em to have 
been classified as a merger by van Dokkum et al. ( 1999 ) . The 



extended structure of this AGN is consistent with a core-jet 
source. A core-dominated (ie. beamed) quasar is unlikely 
since neither of the associated galaxies has magnitudes or 
colours indicating a strong nuclear component. 

MS1054— C9: This unresolved weak radio source has no 
obvious optical identification on the deep HST mosaic, al- 
though the location of the source, on the diffraction spike 
of a nearby 19th magnitude star, may have precluded any 
faint optical galaxy from being identified on the HST image. 
This star provides the entry in Table |^, but is unlikely be 
the true radio source host given the radio-optical offset. 

MS1054-C10: A pair of very faint (/ ~ 23.5) blue galaxies 
is seen at the location of this radio source, although redshifts 
are not available for either of them. 

MS1054-C11: The 23rd magnitude galaxy which lies 
within half an arcsecond of the position of this weak radio 
source has no measured redshift. 

MS1054— C12: This unresolved radio source is unambigu- 
ously identified with an early type galaxy at the redshift of 
the cluster. 

MS1054— C13: This radio source corresponds to a 22nd 
magnitude Sab galaxy of unknown redshift. The brighter 
galaxy a few arcsec to the north-east of the radio source 
has a redshift of z = 0.17, and is unlikely to be related. 

MS1054— C14: This radio source is associated with a dif- 
fuse optical galaxy at the cluster redshift. 
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MS1054— C15: This weak extended radio emission appears 
to be associated with a bright spiral galaxy at redshift 0.25. 
The measured flux density corresponds to a radio luminosity 
of 1.2 X 10^^ WHz~\ similar to that of M82. 



MS1054-C16: No optical counterpart brighter than / « 26 
is seen associated with this unresolved radio source. 

MS1054— C17: At the location of this radio source there 
is only a marginal detection of an extremely faint galaxy 
(/ ~ 26). 
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Figure Al. Contour plots of the 34 radio sources detected witiiin 400 arcsec of the centre of the MS1054— 03 cluster. Note that in 
some cases, where the radio sources are projected close together, more than one radio source is present in the plot. This is indicated 
by the labelling on and underneath each figure. The contours are plotted at (—2, —1, 1, 2, 4, 8, 16, 32, 64, 128, 256, 512) xl6/jjy 
(3cr), except for MS1054— C34 where the contours at 8.0/.iJy (1.5(t) have also been added to better display the extended structure, and 
MS1054— C4+5 where the first contour level was 13/xJy (2.5(7) to provide a clearer figure. Overlaid upon these contour plots for the radio 
sources MS1054-C1, C2, C3, C4 & C5, C6, C7 & C8, C9 & CIO & Cll, C12, C15, C17 and C18 are greyscale images taken through the 
F814W (/) filter of the HST; greyscale V band images taken with FORS on the VLT are overlaid for radio sources MS1054-C13, C14, 
C16, C19, C20, C21 C22, C25, C27 and C29. Within each group (ie. the F814W and the V band images) the greyscale intensity range 
is held constant, and has been adjusted to be comparable between the two groups. Thus the brightness of the host radio galaxies can be 
visually compared to that of the brightest cluster galaxy, which is the elliptical galaxy visible in the field of MS1054— CI at position 10 
57 00.02, -3 37 36.0. 



MS1054— CIS: This luminous extended radio source, which 
has an edge-dar kened structure compa tible with being an 
FRI type source (Fanaroff & Riley 1974) is associated with a 



low redshift [z — 0.182) elliptical galaxy which has a second 
galaxy projected 3 arcsec away to the NNE (within the sat- 
urated region of the presented greyscale), almost certainly 
undergoing an interaction. The radio source is quite strongly 
polarised (see Figure A2) with a well-ordered polarisation 



structure along the source axis in the central regions but 
perpendicular to this at the extremities. 

MS1054— C19: An optical galaxy lies within half an arc- 
second of the position of this possibly resolved radio source, 
but its redshift is unknown. 

MS1054— C20: This extended source could have either 
FRI or head-tail structure and shows strong polarisation 
throughout, parallel to the extended radio structure (Fig- 
ure A2). It lies at the very edge of the optical frame, but 



appears to have an associated optical counterpart. 

MS1054-C21: A galaxy at redshift z = 0.374 lies roughly 
coincident with this weak unresolved radio source. The 
corresponding rest-frame 5 GHz radio luminosity is 4 x 



10^^ W Hz ^ , consistent with the radio emission being as- 
sociated with star formation activity. 

MS1054— C22: This unresolved radio source has a rela- 
tively unambiguous optical counterpart which has not been 
observed spectroscopically. 

MS1054— C23: This unresolved radio source lies outside the 
field of the optical images. 

MS1054— C24: This unresolved radio source lies outside the 
field of the optical images. 

MS1054— C25: No optical counterpart is seen at the loca- 
tion of this radio source. 

MS1054— C26: This unresolved radio source lies outside the 
field of the optical images. 

MS1054-C27: A low redshift spiral galaxy is clearly the 
source of this extended radio emission. Although the galaxy 
has not been observed spectroscopically, its bright magni- 
tude suggests a low redshift, implying that the radio emis- 
sion is likely to be associated with on-going star formation. 

MS1054— C28: This unresolved radio source lies outside the 
field of the optical images. 

MS1054— C29: This radio source is possibly resolved and 
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Figure A2. Contour plots with electric polarisation vectors overlaid for the four radio sources which show polarised emission. The 
contours are at (—1, 1, 2, 4, 8, 16, 32, 64) X 32/iJy beam"'^, and a polarisation vector of length 1 arcsec corresponds to 50% polarisation. 
The sources are: upper left - MS1054-C3; lower left - MS1054-C18; upper right - MS1054-C20; lower right - MS1054-C30. 

lies at the very edge of the optical image. An optical galaxy 
partially seen at the edge of the image appears to be asso- 
ciated with it. 

MS1054— C30: Extending nearly half an arcminute on the 
sky, this radio source is clearly brightest at its centre and 
probably has FRI structure, although an FRII structure 
with a bright radio core cannot be excluded. The central 
radio region is highly polarised, with the electric field vectors 
lying parallel to the extended radio structure. The radio 
source lies outside the field of the optical images. 

MS1054— C31: This unresolved radio source lies outside the 
field of the optical images. 

MS1054— C32: This unresolved radio source lies outside the 
field of the optical images. 

MS1054— CSS: This unresolved radio source lies outside the 
field of the optical images. 

MS1054— CS4: A large diffuse area of radio emission, ex- 
tending an arcminute or more, is detected at this location. 
It lies outside of the optical frames, and no luminous nearby 
galaxies are seen in the digitized sky catalogues at this lo- 
cation, so its nature remains unclear. One possibility again 
is that this is associated with a cluster relic radio source; al- 
though it is found much further from the centre of the cluster 
(2.2 Mpc) than is typical for these sources, such large radii 
relics have been observed before (e.g. in Abell 2345; Giovan- 
nini et al. 1999). 
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